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Abstract

Embryonic stem (ES) cells are pluripotent cells derived from the inner cell mass of blastocysts. Transcription factor STAT3 is
essential for the self-renewal of ES cells. In this study, we searched for downstream molecules of STAT3 in ES cells. Using
DNA chip analysis, we obtained zinc finger protein (Zfp)-57. The expression of Zfp-57 was restricted to undifferentiated ES cells
and activation of STAT3 led to expression of Zfp-57. We also found that forced expression of a dominant-negative mutant of
STAT3 or repression of Oct-3/4 expression led to down-regulation of Zfp-57. Targeted disruption of Zfp-57 resulted in no gross
phenotypical defects, including expression of undifferentiated-state-specific genes. These data suggest that Zfp-57 is a downstream
molecule of STAT3 and Oct-3/4 in ES cells, although dispensable for their self-renewal.
� 2005 Elsevier Inc. All rights reserved.
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Mouse embryonic stem (ES) cells derived from the in-
ner cell mass of blastocysts possess two major abilities:
differentiation into many types of cells, pluripotency;
and production of two identical stem-cell daughters
upon cell division, self-renewal [1,2].

The pluripotency and self-renewal of mouse ES cells
can be maintained in the presence of leukemia inhibitory
factor (LIF) [3,4]. LIF stimulation leads to activation of
transcription factor STAT3, which plays a major role in
the self-renewal of ES cells [5,6]. Previously, we gener-
ated ES cells expressing STAT3ER, a fusion protein
consisting of STAT3 and the ligand-binding domain of
estrogen receptor, and found that their pluripotency
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can be maintained by stimulation with a synthetic estro-
gen receptor ligand, 4-hydroxytamoxifen (4HT), even in
the absence of LIF [5]. Another study showed that
forced expression of a dominant-negative mutant of
STAT3 caused differentiation of ES cells in the presence
of LIF [6]. In addition to STAT3, POU transcription
factor Oct-3/4 is also required for the self-renewal of
ES cells. Oct-3/4 is expressed specifically in pluripotent
cells such as ES, early embryo, and germ cells [7,8]. Tar-
geted disruption of the Oct-3/4 gene results in loss of the
pluripotent inner cell mass, and conditional repression
of this gene in ES cells leads to differentiation into
trophoectoderm, demonstrating that Oct-3/4 plays an
essential role in the self-renewal of ES cells [9,10].
Forced expression of Oct-3/4, however, cannot maintain
the self-renewal of ES cells in the absence of LIF [10].
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Thus, the activation of STAT3, but not the expression of
Oct-3/4, is sufficient for the self-renewal of ES cells.
These findings prompted us to search for a downstream
target gene of STAT3 in ES cells.

Here we performed DNA chip analysis and obtained
zinc finger protein (Zfp)-57. Zfp-57 was originally
cloned from a mouse teratocarcinoma stem cell line,
F9, as an undifferentiated-cell-specific gene, using the
promoter trap technique [11]. The expression of Zfp-57
is restricted to testis and brain. The protein, containing
five repeats of the zinc finger motif and the KARB do-
main, is known to be localized in the nucleus in F9
and Schwann cells. It was also suggested that Zfp-57
acts as a transcriptional repressor in Schwann cells
[12]. Little is known, however, about the expression
and function of Zfp-57 in ES cells. In the present study,
we examined the expression of Zfp-57 in ES cells and
performed gene disruption to study its role in their
self-renewal.
Materials and methods

Cell culture. ES cell lines, A3-1 derived from embryos of 129/SvJ
inbred strain [13] and ZHBTc4 [10], were cultured on gelatin-coated
dishes with Dulbecco�s modified Eagle�s medium (Sigma, St. Louis,
MO, USA) containing 15% fetal bovine serum, 2 mM L-glutamine, 1·
non-essential amino acid (Cell and Molecular Technologies, Phillips-
burg, NJ, USA), 1· nucleosides mix (Cell and Molecular Technolo-
gies), 40 lM b-mercaptoethanol (Sigma), and 0.1% mouse LIF,
produced as conditioned media from human embryonic kidney 293
cells expressing LIF from a transiently transfected plasmid. STAT3ER
ES cells were cultured in the same media except that it contained 1 lM
4-hydroxytamoxifen (4HT, Sigma) instead of LIF [5].

Plasmid construction and transfection. The mammalian expression
vector pCAG-IP was constructed by inserting the sequence of internal
ribosomal entry site (IRES) and the puromycin-resistance gene into the
plasmid pCAGGS [14,15]. Plasmids pCAG-wtSTAT3-IP and
pCAG-dnSTAT3-IP were constructed by inserting cDNA for wild-
type STAT3 (wtSTAT3) and a dominant-negative mutant of STAT3
(dnSTAT3) into pCAG-IP, respectively. pSilencer 1.0-U6 (Ambion,
Austin, TX, USA) was used as an RNAi expression vector. To gen-
erate pSi-puro, a puromycin-resistance gene of pPUR (Clontech, Palo
Alto, CA, USA) was introduced into a non-coding region of the pSi-
lencer 1.0-U6. A target sequence for RNA interference (RNAi) of
Zfp-57 (5 0-CCG TCA CCT GAA GGT ACA C-3 0) was determined by
B-Bridge International (Sunnyvale, CA, USA). The sense and anti-
sense oligonucleotides were annealed in a buffer [100 mM potassium-
acetate, 30 mMHepes–KOH (pH 7.4), and 2 mMmagnesium-acetate],
and cloned into the ApaI and EcoRI sites of pSi-puro to produce a
Zfp-57 RNAi expression vector (pSi-puro-Zfp-57). The construct was
sequenced before transfection. ES cells (4 · 105 cells) in a 6-cm dish
were transfected with pCAG-IP, pSi-puro or their derivatives using
LipofectAMINE 2000 (Invitrogen, Carlsbad, CA, USA). Two days
after transfection, ES cells were treated with 1 lg/ml puromycin
(Nacalai Tesque, Kyoto, Japan) for several days and then subjected to
RT-PCR, Northern or Western blot analyses.

Preparation of antibody and Western blot analysis. Anti-Zfp-57
antibody was generated with a synthetic peptide (NPQSRKGKGY
KAQHRGERPC) [11] by Operon Biotechnologies (Alameda, CA,
USA). ES cells were harvested and lysed in a cell lysis buffer [20 mM
Hepes–NaOH (pH 7.2), 10 mM MgCl2, 1 mM EDTA, 10 mM sodium
fluoride, 25 mM b-glycerophosphate, 1 mM sodium orthovanadate,
20 lg/ml aprotinin, 10 lg/ml leupeptin, 10 lg/ml pepstatin, 1% Triton
X-100, and 10% glycerol]. The cell lysates were mixed with 5· SDS-
sample buffer [50 mM Tris–HCl (pH 6.8), 30% glycerol, 10% SDS,
250 mM dithiothreitol, 10 mM EDTA, and 0.01% Coomassie brilliant
blue R250], subjected to SDS–10% polyacrylamide gel electrophoresis
(PAGE), and electroblotted onto a nitrocellulose membrane. The
membrane was incubated with rabbit anti-Zfp-57 antibody, followed
by horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(Upstate Biotechnology, Charlottesville, VA, USA). Signals were de-
tected with LAS-1000 (Fuji Film, Tokyo, Japan). The membrane was
then reprobed with monoclonal anti-a-tubulin antibody (ICN Bio-
medical, Irvine, CA, USA), followed by HRP-conjugated goat anti-
mouse IgG (Upstate Biotechnology). Reproducibility of these analyses
was confirmed by several independent experiments.

Northern blot and RT-PCR analyses. Total RNAs were isolated
from ES cells with Trizol reagent (Invitrogen). Total RNA (10 lg) was
separated by electrophoresis in denaturing 1.0% agarose gel containing
2.2 M formaldehyde, and transferred to Hybond-N+ nylon membrane
(Amersham Biosciences, Piscataway, NJ, USA), followed by UV cross-
linking [16]. The membrane was hybridized with a-32P-labeled probe of
full-length Zfp-57, Rex-1, or glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) cDNA in QuikHyb (Stratagene, La Jolla, CA, USA)
at 68 �C for 2 h. The membranes were washed in 0.2· SSC, 0.1% SDS
at 68 �C, and radiolabeled bands were visualized with an image ana-
lyzer (BAS-2000, Fuji Film).

For RT-PCR analysis, 1 lg of total RNA was converted to cDNA
by Superscript II reverse transcriptase (Invitrogen) with oligo(dT)12–18
primers (Amersham Biosciences). PCR was performed with the fol-
lowing primers: 5 0-TGT AAT TTC TGT GGC AAG AC-3 0 and
5 0-TGT GGA TCT TGA GGT GGG TTA A-3 0 for Zfp-57, 5 0-CGC
CCT GAG GAA GCA-30 and 5 0-CCT TCA GCA TTT CTT CCC
TGC CTT TGC-3 0 for Rex-1, 5 0-GCC CTG CAG AAG GAG CTA
GAA C-3 0 and 5 0-GGA ATA CTC AAT ACT TGA TCT-30 for Oct-3/
4, 5 0-TGA TGA CAT CAA GAA GGT GGT GAA G-3 0 and 5 0-TCC
TTG GAG GCC ATG TAG GCC AT-3 0 for GAPDH, and 5 0-ATG
GGC TCT GTG GTC AAG TC-30, and 5 0-ACC CCT CCC AAT
TCT CTT GT-3 0 for Sox-2. Primers for hypoxanthine guanine phos-
phoribosyltransferase (HPRT), Nanog, Gata4, Fgf5, and Brachyury T
were described before [10,17]. Reproducibility of these analyses was
confirmed by several independent experiments.

Construction of targeting vectors and electroporation. The 2.5-kb
5 0 short arm (including exon 2 (�1493 to +938) of the Zfp-57 gene)
and the 4.5-kb 3 0 long arm (including 3 0 flanking region (+5738 to
+10312) of the Zfp-57 gene) were isolated by PCR and verified by
partial sequencing. The translation start site was position +1. The
short and long arms were subcloned into the KpnI and NotI sites of
pBluescript II KS (�) vector, respectively. Drug-resistance cassette
vectors, pGT 1.8 IRES-hygro-pA2 [18] and pGT1.8 IRES-neo-pA,
were digested with SalI, and the fragment containing a drug-resistance
gene was cloned into the SalI site of the pBluescript II KS (�) vector
carrying the short and long arms. Targeting vectors were linearized
and electroporated into ES cells at 240 V, 500 lF. Cells were selected
with 375 lg/ml G418 or 300 lg/ml hygromycin (Nacalai Tesque),
picked up, and then analyzed by genomic Southern blot analysis.

Genomic Southern blot and PCR analyses. The 473-bp probe A and
456-bp probe B for Southern blot analysis were isolated by PCR.
Primers used were as follows: 5 0-GAA AGG CTC ACG TGG CTG A-
3 0 and 5 0-TAC CTC CAT CCA CCT CCT CA-3 0 for probe A, and 5 0-
ACC ACA TGG TTG GCT TGT TC-3 0 and 5 0-TTC TCC AAG TCT
CCA AGT AGG G-3 0 for probe B. The amplified fragments were
cloned into pCR 2.1 vector (Invitrogen) and verified by sequencing.
Genomic DNA of ES cells was isolated as described before [19], di-
gested with BglI (for probe A) or BamHI (for probe B), and subjected
to 1.0% agarose gel electrophoresis. The gel was soaked in 0.25 M HCl,
neutralized in 0.4 N NaOH, and then the separated genomic DNA was
transferred to Hybond-N+ nylon membrane (Amersham Biosciences).
After UV cross-linking [16], the membrane was hybridized with



Fig. 1. Expression of Zfp-57 mRNA and protein is restricted to
undifferentiated ES cells. (A) Northern blot analysis. After 4-day
culture with or without LIF, ES cells were harvested and total RNAs
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a-32P-labeled probe in QuikHyb at 68 �C for overnight. The membrane
was washed in 0.2· SSC, 0.1% SDS at 68 �C, and radiolabeled bands
were visualized with BAS-2000. In the case of genomic DNA PCR,
neomycin-, and hygromycin-resistance genes were amplified by PCR
with the genomic DNAs as template. Primers used were as follows: 5 0-
GAA GGG ACT GGC TGC TAT TG-3 0 and 5 0-AAT ATC ACG
GGT AGC CAA CG-3 0 for the neomycin-resistance gene, 5 0-GAA
TTC AGC GAG AGC CTG AC-3 0 and 5 0-GAT GTT GGC GAC
CTC GTA TT-3 0 for the hygromycin-resistance gene, and 5 0-TGT
AAT TTC TGT GGC AAG AC-3 0 and 5 0-TGT GGA TCT TGA
GGT GGG TTA A-3 0 for Zfp-57 exon 4.

Flow cytometric analysis. For 5-bromo-20-deoxyuridine (BrdU,
Nacalai Tesque) incorporation assay, ES cells were incubated with
BrdU for 30 min, fixed in 70% ethanol at �20 �C for 2 h, incubated in
2 M HCl for 20 min, and neutralized with 0.1 M sodium borate
(pH 8.5) for 2 min. The cells were stained with a monoclonal anti-
BrdU antibody (NeoMarkers, Fermont, CA, USA), followed by
fluorescein isothiocyanate (FITC)-conjugated bovine anti-mouse IgG
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). The cells were
counterstained with propidium iodide (PI, Nacalai Tesque). Flow
cytometric analysis was performed on Desktop Cell Sorter JSAN (Bay
Bioscience, Kobe, Japan).
were isolated. Samples containing 10 lg of total RNAs were separated
by 1.0% agarose gel. GAPDH was used as an internal control. (B)
Western blot analysis. ES cells cultured with or without LIF for 5 days
were harvested and lysed in cell lysis buffer. Samples containing 50 lg
of protein were subjected to immunoblotting with anti-Zfp-57
antibody (upper panel) or anti-a-tubulin monoclonal antibody (lower
panel). a-Tubulin was used as an internal control.
Results

Expression of Zfp-57 mRNAs and protein is restricted

to undifferentiated ES cells

First, we searched for a downstream molecule of
STAT3 using STAT3ER-expressing ES cells (STAT3ER
ES cells). DNA chip analysis [20] revealed that zinc fin-
ger protein (Zfp)-57 showed a higher expression level in
undifferentiated STAT3ER ES cells than differentiated
cells (data not shown). To confirm this, we performed
Northern and Western blot analyses (Fig. 1). As re-
ported previously in F9 cells [11], two transcripts of
Zfp-57 mRNAs, which differ in the sequence of the
3 0-untranslated region, were detected in ES cells cultured
with LIF (Fig. 1A). When ES cells were allowed to dif-
ferentiate by removal of LIF, the signals of the two tran-
scripts were reduced. Differentiation of ES cells was
confirmed by the decreased expression of Rex-1, a self-
renewal marker. Western blot analysis also showed that
expression of Zfp-57 protein (about 50 kDa) was down-
regulated after withdrawal of LIF for 5 days (Fig. 1B).
These results indicated that the expression of Zfp-57 is
restricted to undifferentiated ES cells and depends on
LIF stimulation.

Zfp-57 expression is regulated by both STAT3 and Oct-3/4

It is well known that LIF stimulation directly leads to
activation of STAT3 in ES cells, and that Oct-3/4 is ex-
pressed in ES cells cultured with LIF. We therefore
investigated whether Zfp-57 is a downstream molecule
of STAT3 and/or Oct-3/4.

STAT3ER ES cells were cultured in the presence or
absence of 4HT for 4 or 6 days, and expression of
Zfp-57 mRNA was examined by RT-PCR analysis
(Fig. 2A). The band of Zfp-57 was strongly detected in
STAT3ER ES cells cultured with 4HT, and its signal de-
creased after removal of 4HT. Western blot analysis also
showed that the expression of Zfp-57 protein was re-
stricted to 4HT-stimulated STAT3ER ES cells (Fig.
2B). Next we examined the effect of a dominant-negative
mutant of STAT3 (dnSTAT3) on Zfp-57 expression. As
for dnSTAT3, we used STAT3[Y705F], which was re-
ported to block the activation of endogenous STAT3
[21]. ES cells were transfected with the empty, wild-type
STAT3 (wtSTAT3) or dnSTAT3 expression vector.
Three days after puromycin treatment, the expression
of Zfp-57 mRNA was determined by RT-PCR analysis
(Fig. 3A). The band of Zfp-57 was detected in ES cells
transfected with the empty or wtSTAT3 expression vec-
tor, whereas its signal was strongly reduced in ES cells
expressing dnSTAT3. Taken together, these results indi-
cated that Zfp-57 is a downstream target of STAT3 in
ES cells.

Next we examined whether Zfp-57 is a downstream
molecule of Oct-3/4 utilizing ZHBTc4 ES cells, in which
tetracycline (Tet) stimulation leads to down-regulation
of Oct-3/4 expression [10]. ZHBTc4 ES cells were trea-
ted with or without Tet for 24 or 48 h, and the expres-
sion of Zfp-57 and Oct-3/4 mRNAs was determined
by RT-PCR analysis. As shown in Fig. 3B, Tet stimula-
tion for 24 h completely repressed the expression of Oct-
3/4 in ZHBTc4 ES cells, which was recovered by
removal of Tet. Similarly, the expression of Zfp-57
mRNA was decreased with Tet stimulation and



Fig. 2. Expression of Zfp-57 mRNA and protein can be maintained by
STAT3ER. (A) RT-PCR analysis. STAT3ER ES cells were cultured
with or without 4HT for 4 or 6 days. Total RNAs were isolated and
subjected to RT-PCR analysis. PCR products of Zfp-57, Rex-1, and
HPRT were amplified using specific primers and subjected to 1.5%
agarose gel. HPRT was used as an internal control. (B) Western blot
analysis. After 5-day culture with or without 4HT, STAT3ER ES cells
were harvested and lysed in cell lysis buffer. Signals of Zfp-57 (upper
panel) and a-tubulin (lower panel) were detected by immunoblotting
with anti-Zfp-57 and anti-a-tubulin antibodies, respectively.

Fig. 3. Zfp-57 expression is regulated by both STAT3 and Oct-3/4. (A)
Effect of a dominant-negative mutant of STAT3 (dnSTAT3) on Zfp-57
expression. ES cells transfected with the empty, wild-type STAT3
(wtSTAT3), and dnSTAT3 expression vectors were harvested, and
total RNAs were isolated. RT-PCR analysis was performed using
specific primers for Zfp-57, Oct-3/4, Rex-1, and GAPDH. (B) Role of
Oct-3/4 in Zfp-57 expression. ZHBTc4 ES cells treated with or without
Tet for the indicated period were harvested, and total RNAs isolated
from these cells were subjected to RT-PCR analysis using specific
primers for Oct-3/4, Zfp-57, and HPRT.

Fig. 4. Zfp-57 RNAi-expressing ES cells maintain an undifferentiated
state. (A) Western blot analysis. Zfp-57 RNAi-expressing ES cells were
harvested and lysed in cell lysis buffer. Samples containing 50 lg of
protein were subjected to immunoblotting with anti-Zfp-57 antibody
(upper panel) or anti-a-tubulin antibody (lower panel). (B) RT-PCR
analysis. Total RNAs were isolated from Zfp-57 RNAi-expressing ES
cells and subjected to RT-PCR analysis. PCR products of Zfp-57, Rex-
1, Oct-3/4, and GAPDH were amplified using specific primers and
subjected to 1.5% agarose gel.
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recovered after Tet removal. These results suggested that
Oct-3/4 also controls the expression of Zfp-57 in ES
cells.

Zfp-57 RNAi-expressing ES cells maintain an

undifferentiated state

The results described above suggest the involvement
of STAT3 and Oct-3/4 in the expression of Zfp-57. Since
these two molecules play crucial roles in the self-renewal
of ES cells, it was possible that Zfp-57 might be involved
in their self-renewal. To explore this possibility, we tried
to down-regulate Zfp-57 by RNA interference (RNAi).
ES cells were transfected with the empty or Zfp-57
RNAi expression vector (pSi-puro-Zfp-57) and cultured
for several days with puromycin. Among several drug-
resistant clones, we picked one. As shown in Fig. 4A,
the expression of Zfp-57 protein was drastically sup-
pressed in this clone. The reduction in Zfp-57 mRNA
was also confirmed by RT-PCR analysis (Fig. 4B).
On the other hand, however, expression levels of
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undifferentiated-state-specific genes, Oct-3/4 and Rex-1,
were maintained. These results suggested that Zfp-57
RNAi-expressing ES cells maintain the undifferentiated
state, and raised the possibility that Zfp-57 might not
be involved in the self-renewal of ES cells.

Targeted disruption of Zfp-57 in ES cells

Since the Zfp-57 RNAi did not repress the expression
of Zfp-57 completely (Fig. 4), we generated Zfp-57-defi-
cient ES cells using homologous recombination. We
constructed a gene-targeting vector by which the entire
coding region of Zfp-57, except for N-terminal six ami-
no acids, can be replaced with neomycin (neo)- or
hygromycin (hygro)-resistance gene (Fig. 5A). After
electroporation of the linearized neomycin-resistance
targeting vector into ES cells, we obtained two clones
(1E11 and 1F9), out of 72 clones, as heterozygous
Fig. 5. Targeted disruption of the Zfp-57 gene. (A) Targeting strategy of Zfp
gene. Black boxes and white boxes indicate coding regions and untranslated r
gene, except for N-terminal six amino acids, was replaced by neomycin (Ne
IRES, and poly(A) additional sequence (pA) [18]. Closed bars denote the loca
blot analysis. Genomic DNAs isolated from wild-type (WT), Zfp-57+/� (+/
separated by 1.0% agarose gel, transferred to Hybond-N+ membrane, and h
DNA PCR analysis. Wild-type (WT), Zfp-57+/� (+/�), and Zfp-57�/� (�/�)
57 exon 4, neomycin- and hygromycin-resistance genes were amplified using
analysis. Total RNAs were isolated from ES cells and separated by 1.0% agar
cell lysis buffer. Signals of Zfp-57 (upper panel) and a-tubulin (lower panel)
antibodies, respectively.
Zfp-57 mutant ES cells (Zfp-57+/�). Next, the wild-type
allele of the Zfp-57+/� ES cells (1F9) was further dis-
rupted with the hygromycin-resistance targeting vector,
and two clones (1A12 and 2E9), out of 121 clones, were
obtained as homozygous Zfp-57 mutant ES cells (Zfp-
57�/�). When we carried out genomic Southern blot
analysis, the Zfp-57+/� ES cell clone, 1F9, showed a
3.2 kb BglI fragment (disrupted allele) in addition to a
5.2 kb BglI fragment (wild-type allele) with probe A,
and a 5.0 kb BamHI fragment (disrupted allele) besides
a 8.7 kb BamHI fragment (wild-type allele) with probe B
(Fig. 5B). On the other hand, Zfp-57�/� ES cell clones,
1A12 and 2E9, showed a single band of a 3.2 kb BglI
fragment (probe A) and a 5.0 kb BamHI fragment
(probe B). These ES cells were genotyped by genomic
DNA PCR. A band of Zfp-57 exon 4 was amplified
from genomic DNA of wild-type (WT) and Zfp-57+/�

(1F9) ES cells, a band of the neomycin-resistance gene
-57 deletion. Thick lines indicate flanking regions and introns of Zfp-57
egions of Zfp-57 gene, respectively. The entire coding region of Zfp-57
o)- or hygromycin (Hygro)-resistance gene, En-2 splice acceptor (SA),
tions of probes A and B used for Southern blot analyses. (B) Southern
�), and Zfp-57�/� (�/�) ES cells were digested with BglI or BamHI,
ybridized with a-32P-labeled probe A or B, respectively. (C) Genomic
ES cells were genotyped by genomic DNA PCR. PCR products of Zfp-
specific primers and subjected to 1.5% agarose gel. (D) Northern blot
ose gel. (E) Western blot analysis. ES cells were harvested and lysed in
were detected by immunoblotting with anti-Zfp-57 and anti-a-tubulin
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was from Zfp-57+/� and Zfp-57�/� (1A12 and 2E9) ES
cells, and a band of the hygromycin-resistance gene was
from Zfp-57�/� ES cells (Fig. 5C).

To examine the expression level of Zfp-57 in these ES
cells, we performed Northern and Western blot analy-
ses. As shown in Fig. 5D, two bands of Zfp-57 mRNAs
were detected in WT and Zfp-57+/� ES cells. On the
other hand, no signals were detected in Zfp-57�/� ES
cells. Western blot analysis also revealed Zfp-57 is not
expressed in Zfp-57�/� ES cells (Fig. 5E). These results
clearly showed no expression of Zfp-57 mRNA or pro-
tein in the Zfp-57�/� ES cells.

Zfp-57 is dispensable for self-renewal of ES cells

When we compared morphology among wild-type,
Zfp-57+/�, and Zfp-57�/� ES cells, all formed compact
colonies, suggesting that Zfp-57�/� ES cells are self-re-
newing (Fig. 6A). To confirm this, we examined expres-
sion of various marker genes for self-renewal, including
Rex-1, Oct-3/4, Nanog, and Sox2 [10,17,22–24], and for
ES differentiation, such as Gata4 (primitive endoderm
marker), Brachyury T (mesoderm marker), and Fgf5
(embryonic ectoderm marker). Northern blot and RT-
PCR analyses revealed that all the self-renewal markers
were expressed in Zfp-57�/� ES cells, as well as WT and
Zfp-57+/� ES cells (Figs. 5D and 6B), and the induction
of Gata4, Fgf5, and Brachyury T was hardly detected
(Fig. 6B). Finally, we examined the growth rate of these
cells. BrdU incorporation assay showed that about 60%
of ES cells were BrdU-positive and there were no signif-
icant differences among WT, Zfp-57+/�, and Zfp-57�/�

ES cells (Fig. 6C). Cell cycle distribution was also nor-
mal in Zfp-57�/� ES cells (data not shown), suggesting
that Zfp-57 is not involved in proliferation of ES cells.
Fig. 6. Zfp-57 is dispensable for the self-renewal of ES cells. (A) Morphology
cells. Scale bars indicate 50 lm. (B) Expression of various marker genes. Tota
using specific primers for Zfp-57, Oct-3/4, Nanog, Sox2, Gata4, Fgf5, Brachy
subjected to BrdU incorporation assay. The proportion of BrdU-positive cel
cultures.
Taken together, these results indicated that Zfp-57 is
dispensable for self-renewal of ES cells.
Discussion

In the present study, we identified a zinc finger pro-
tein Zfp-57 as a self-renewal-specific gene in ES cells
by DNA chip analysis, and showed that the expression
of Zfp-57 is restricted to undifferentiated ES cells and
is regulated by STAT3 and Oct-3/4. Furthermore, we
found that Zfp-57 is dispensable for the self-renewal of
ES cells.

Our data indicate that Zfp-57 is a downstream target
of LIF and STAT3 in ES cells. Recently, Zfp-57 was
identified as a novel zinc finger protein of the Schwann
cell lineage in mouse and rat sciatic nerves [12]. Interest-
ingly, Zfp-57 mRNA was up-regulated in response to
LIF and down-regulated in the presence of a JAK/
STAT inhibitor AG490 in Schwann cells [12]. These
findings suggested that Zfp-57 is a downstream molecule
of the LIF/STAT3 pathway in both ES and Schwann
cells.

Our results showed that Zfp-57 expression is regu-
lated by STAT3 and Oct-3/4. Since previous studies
showed that both molecules play crucial roles in self-re-
newal of ES cells [5,6,9,10], it was possible that Zfp-57
could be involved in the self-renewal. However, we were
able to establish Zfp-57�/� ES cells, which form com-
pact colonies and express self-renewal markers, includ-
ing Oct-3/4 and Nanog. These results indicate that
Zfp-57 is dispensable for the self-renewal of ES cells.
Zfp-57 displays homology in the zinc finger motif with
Sp1, Zfp-35, and Rex-1 [11], and in the KARB domain
with Zfp-30 [25]. Therefore, it is possible that functional
of wild-type (WT), Zfp-57+/� (1F9), and Zfp-57�/� (1A12 and 2E9) ES
l RNAs were isolated from ES cells and subjected to RT-PCR analysis
ury T, and HPRT. (C) Proliferation of Zfp-57�/� ES cells. ES cells were
ls to PI-positive cells is shown as the mean ± SD for three independent
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redundancy between Zfp-57 and these molecules might
compensate for loss of Zfp-57 in ES cells.

Zfp-57 is known to suppress the activity of myelin ba-
sic protein promoter in Schwann cells and to localize to
the nucleus with a characteristic speckled pattern in
NIH3T3 cells [12]. Notably, Zfp-57 co-localizes with
heterochromatin protein 1a in Schwann cells. These
findings indicate that Zfp-57 functions as a transcrip-
tional repressor, although direct target genes of Zfp-57
have yet to be elucidated in ES and Schwann cells.

Induction of ES cell differentiation by forming embry-
oid bodies (EBs) in suspension culture provides an in vi-
tro system for studying early lineage determination
during mouse development [26]. We thus examined the
differentiation capacity of Zfp-57�/� ES cells with this
system (data not shown). Expression patterns of differen-
tiation marker genes—such as Fgf5 (embryonic ecto-
derm), Gata4 (primitive endoderm), and Brachyury T
(mesoderm)—were normal in Zfp-57�/� EBs when com-
pared with wild-type EBs, suggesting that Zfp-57�/� ES
cells can differentiate into the three germ layers, at least
in this assay.

Our present data indicate that Zfp-57 is dispensable
for the self-renewal of ES cells and probably for early
lineage determination. In embryonic and adult tissues,
Zfp-57 expresses in testis, cerebellum, and neuronal tis-
sues, including oligodendrocytes and Schwann cells
[11,12]. These observations raise the possibility that
Zfp-57 might function in late embryogenesis or neonatal
development such as spermatogenesis or myelination.
Further analysis, including generation of Zfp-57-defi-
cient mice and identification of a downstream molecule
of Zfp-57 by the use of Zfp-57�/� ES cells, will contrib-
ute to the understanding of the function of Zfp-57
protein.
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